Objective: Diabetes is clinically classified into two types: type 1 (T1D) and type 2 diabetes (T2D). Nevertheless, intermediate forms of diabetes are frequent and difficult to recognize and manage appropriately. In this study, we investigated whether patients with intermediate form of diabetes, here called unclassified diabetes (UD), have b-cell autoimmune markers. Research design and methods: b-cell autoimmune markers (b-cell autoantibodies (aAb), peripheral blood mononuclear cells (PBMC) responsive to five islet proteins, cytokine secretion, and human leukocyte antigen (HLA)-DQB1 genotypes) were analyzed in 50 UD patients, 23 age-and HLA-matched normal control subjects, and 23 classic T2D patients. Results: We observed that 16 out of 50 (32%) UD patients demonstrated responsive PBMCs, as opposed to 1 out of 23 (5%) age-and HLA-matched normal control subjects, and 0 out of 23 classic T2D patients. Overall, 29 (58%) UD patients had at least one marker of b-cell autoimmunity (b-cell aAb and/or PBMC autoreactivity), in association with high-risk HLA genotypes DQB1*0201 and/or DQB1*0302. Moreover, the 13 (26%) UD patients who had b-cell aAb were not the same as those with PBMC autoreactivity, except for one patient. Patients with PBMC autoreactivity were older at the onset of the disease and had a better residual b-cell function than those with b-cell aAb. Conclusions: Our data confirm that T-cell autoimmunity can be detected in latent autoimmune diabetes in adults patients. We show an inverse correlation between humoral and cellular b-cell autoimmunities. Possible protective cellular responses in the patients with b-cell PBMC autoreactivity could have potential therapeutic implications.
Introduction
The World Health Organization defines two major types of diabetes mellitus: type 1 (T1D) and type 2 diabetes (T2D). T1D results from T-cell-mediated autoimmune destruction of b-cells of the pancreas, whereas T2D is characterized by insulin resistance with a non-autoimmune insulin secretory defect (1) . However, discriminating between T1D and T2D can be very difficult in clinical practice. Thus, an intermediate form of autoimmune diabetes has been described, by different investigators, for more than 20 years (2) (3) (4) (5) . At present, this intermediate form of autoimmune diabetes is often called latent autoimmune diabetes in adults (LADA), but remains poorly understood at both clinical and research levels (6) (7) (8) . The diagnosis of LADA is currently based on three criteria: (1) adult age at the onset of diabetes; (2) presence of circulating b-cell autoantibodies (aAb), which distinguishes LADA from T2D; and (3) lack of requirement for insulin for at least 6 months after diagnosis, which distinguishes LADA from classic T1D (6) . In the UK Prospective Diabetes Study, about 10% of adults with presumed T2D had circulating b-cell aAb, and the majority progressed to insulin dependence within 6 years (9) . Therefore, LADA is an important form of diabetes, although it is frequently underestimated. However, because LADA is more common than classic childhood T1D and more progressive in evolution, immunomodulatory therapies such as anti-CD3 could be more effective in this subgroup of autoimmune diabetes (10) .
Because LADA remains relatively difficult to define accurately, we have elected to study 50 diabetic patients with intermediate forms of diabetes, here called unclassified diabetes (UD). UD patients were characterized by the lack of the immediate need for insulin therapy usually observed in classic T1D, as well as by the lack of the metabolic syndrome usually observed in classic T2D. We have investigated how these UD patients differ from T1D, T2D, and healthy controls in terms of anti-b-cell antibodies and T-cell autoreactivity, as well as in their peripheral cytokine production.
Subjects and methods

Patients
Fifty patients with UD, 26 women and 24 men, aged 54.4G10.3 years (meanGS.D.) were recruited consecutively in our diabetes center in Lyon-Sud Hospital between 2000 and 2003. The intermediate form of diabetes was determined by diabetologists, based on the lack of requirement for insulin for at least 6 months after diagnosis and the lack of dysmetabolic syndrome. Moreover, the entry criteria were: at least two fasting plasma glucose results O7 mmol/l for more than 6 months, diabetes duration of !15 years, no previous insulin therapy, age O30 and !75 years, absence of concomitant general disease, and no pregnancy. At the time of the study, diabetes duration was 4.5G4.3 (range 0.5-14) years. All patients were clinically evaluated initially and 3-6 years later. The mean follow-up was 5.9G4.9 years for 48 out of 50 patients. Presence of familial history of diabetes (T1D and/or T2D) was recorded, as well as familial or personal history of autoimmune disease (autoimmune thyroid diseases, pernicious anemia, autoimmune hepatitis, and vitiligo). Dysmetabolic syndrome, treated or not, was evaluated according to the following criteria: hyperglycemia and at least two features among central obesity, high blood pressure R130/85, hypertriglyceridemia O1.69 mmol/l and HDL cholesterol !1.04 (male) or 1.29 (female) mmol/l (20) . Blood samples for the following determinations were collected on the same day: blood glycated hemoglobin levels (HPLC assay; normal range 4.5-6.1%), C-peptide stimulation 6 min after glucagon injection (RIA; normal range 0.30-1.2 nmol/l), HLA-DQB1 genotypes, b-cell aAbs, T-cell reactivity, and cytokines (see below).
The clinical and immunological characteristics of these 50 UD patients were compared with those of 23 matched (for age, sex, and HLA) control subjects: 13 women and 10 men, aged 52.5G7.3 years; with those of 23 classical T2D patients: 7 women and 16 men, aged 53.5G7.0 years; and with those of 44 classical 
Autoantibody assays
A systematic screening of four islet aAbs was performed in all the patients.
Islet cell aAbs (ICA) ICA were determined using an indirect immunofluorescence assay. The end-point dilution causing detectable fluorescence was converted into Juvenile Diabetes Foundation Units using a standard curve obtained with an international reference serum. The detection limit was 3 Juvenile Diabetes Foundation Units. Anti-GAD and anti-IA2 antibodies (GADA and IA2A) were determined using in vitro translated [
35 S]GAD65 and [
35 S]IA2 as previously described (21) . Plasmid cDNA encoding for full-length GAD65 cloned into the pcDNAII-vector (Dr A Lernmark, Seattle, USA) and cDNA encoding for the cytoplasmic part of IA2 (aa603-979) cloned into the pSP64poly(A) vector (Dr MC Christie, London, UK) were amplified in the Escherichia coli XL1 blue. GADA and IA2A were measured in duplicate using in vitro transcribed and translated recombinant human protein and precipitation with protein A-Sepharose as previously reported (22) . After washing, bound counts were expressed as arbitrary units using a pool of positive sera with an arbitrary value of 1.27 for GAD and 100 for IA2. GADA activity above 0.11 U and IA2A activity above 1 U were considered as positive, corresponding to the meanC3 S.D. value of 95 controls. The performance of the assays is monitored by a set of quality controls and participation in external laboratory proficiency comparison. The laboratory has participated in the Diabetes Antibody Standardization Program and scored 78% for sensitivity and 95% for specificity in the GADA assay, and 70% sensitivity and 98% specificity for IA2A (23) .
Insulin aAbs (IAA) IAA were assayed by RIA using 125 I-labeled human insulin (Sanofi Diagnostic Pasteur, Marnes la Coquette, France). IAA activity of 0.50% was considered positive.
T-cell reactivity
PBMC stimulation was investigated as previously described (16, 17) . Peripheral venous blood was drawn between 0800 and 0900 h into sterile heparinized tubes and was processed within 2 h. Mononuclear cells were isolated under sterile conditions by centrifugation in Ficoll Histopaque 1077 (Sigma). Cell viability was always above 90% using Trypan blue stain (Biowhittaker, Verviers, Belgium) exclusion. After washing, cells were resuspended in RPMI 1640 medium (Biowhittaker) supplemented with 50 UI/ml penicillin-streptomycin (Sigma), 2 mM L-glutamine (Sigma), and 10% pooled human ABC serum (Sigma). PBMC (1.5!10 5 ) were distributed in 180 ml aliquots in round-bottomed 96-well plates and 20 ml antigen solution or medium alone was added to quadruplicate wells. PBMC were incubated in the presence of either no antigen, control antigens -human serum albumin (HSA) at 10 mg/ml, purified tetanus toxin (TT) at 10 mg/ml (Pasteur, Paris, France), and polyclonal activator interleukin-2 (IL-2) at 75 U/ml (Hoffman La Roche) -or b-cell autoantigens -recombinant human insulin expressed in yeast (Sigma) at three final concentrations, 1, 10, and 20 mg/ml, recombinant human B9-23 peptide of insulin (Sigma) at three dosages, 1, 10, and 20 mg/ml, recombinant human GAD65 at 5 mg/ml (gift from P van Endert, INSERM U580, Paris, France), synthetic GAD peptides (three peptide pools consisting of 10 or 11 overlapping peptides (65-77 amino acids)) spanning the C-terminal GAD 65 molecule (GAD65 region (379-585)) at 5 mg/ml (gift from C Granier, CNRS-UMR5160, Montpellier, France; (23)), and recombinant human IA2 at 10 mg/ml (gift from P van Endert, INSERM U580). The most frequent proliferative responses were obtained with 10 mg/ml for the whole antigen molecules and 20 mg/ml for peptides. The data presented correspond to those obtained with these concentrations of antigens. All the antigens and media used were tested and certified endotoxin free by the Pharmacy Laboratory, Ed. Herriot Hospital, Lyon, France. PBMC were cultured in a total volume of 200 ml for 7 days at 37 8C in 5% CO 2 . After 6 days, 10 ml RPMI containing 1 mCi [ 
Cytokines
Cytokine production was evaluated by two different methods. a) Whole-blood IL-12, IFN-g, IL-4, and IL-10 production assay (ELISA assay). Peripheral venous blood from all diabetic patients and all healthy control subjects was drawn into sterile heparinized tubes as described. Whole blood (100 ml aliquots) was diluted to a total volume of 1 ml with RPMI 1640 medium containing 10% fetal calf serum (Boehringer Ingelheim Bioproducts, Gagny, France) in 24-well tissue culture plates. Blood cultures were incubated at 37 8C in 5% CO 2 with either no antigen or phytohemagglutinin (PHA) at 10 mg/ml (Sigma). After 48 h, supernatants were harvested and stored at K80 8C until assay for IL-12, IFN-g, IL-4, and IL-10 contents by ELISA (Medgenix EASIA kit, Biosource, Rungis, France). b) IL-4 and IFN-g secretion assay (whole-blood MACS cytokine secretion assay (Miltenyi Biotec, Paris, France)). Peripheral venous blood from 16 out of 60 diabetic patients and from 17 out of 22 healthy control subjects was drawn into sterile heparinized tubes as described. Blood (5 ml) was incubated for 16 h at 37 8C in the presence of either no activator or 3 mg/ml staphylococcus enterotoxin B (SEB, Sigma). After erythrocyte lysis and washing, cell pellets were resuspended and labeled with cytokine-specific (IL-4 or IFN-g) catch reagent and were incubated for 45 min at 37 8C in RPMI supplemented with 10% AB human serum. During the incubation period, secreted cytokines were immediately caught on the cell surface. After washing, cells were labeled for 10 min on ice, by respective cytokine detection reagent (antibody conjugated with phycoerythrin (PE)) and counter labeled by CD8CFITC/or CD4CFITC and CD3CPC5 (Immunotech, Marseille, France). Cells were further washed and labeled for 15 min at 8 8C with anti-PE microbeads. After washing and resuspension in 1 ml of PBS, 0.5% BSA, 2 mM EDTA buffer, magnetic separation of cytokinespecific CD3C, CD8C, or CD4C secreting cells was performed using two subsequent MS columns (Miltenyi Biotec) with cytokine-specific antibody conjugated to PE. Finally, cells were analyzed by flow cytometry (Beckman Coulter XL2, Miami, FL, USA). The whole-blood MACS cytokine secretion assay was performed in the 16 first UD patients who appeared to have the following characteristics: ten had no anti-b-cell antibodies and no T-cell autoreactivity, four had only T-cell autoreactivity, and two had only anti-b-cell antibodies.
HLA-DQB1 genotypes
Genetic studies were performed in the Blood Transfusion Center of Lyon, France. All diabetic patients and control subjects were typed for HLA-DQ by PCR amplification using sequence-specific primers (PCR-SSP; Dynal SSPsets, Compiegne, France). All phenotypically different HLA-DQA1* and DQB1* alleles recognized by the HLA Nomenclature Committee in 1994 were individually identified. In our reference population, 2% were HLA-DQB1*0201/0302, 45% HLA-DQB1*0201/x or HLA-DQB1*0302/y, and 20% HLA-DQB1*0602/z (24).
Statistical analysis
The values are presented as mean and S.D. All data for this cross-sectional study were analyzed using the statistical package SPSS for Windows. The MannWhitney test was used for quantitative data. The Fisher's exact test was used to test qualitative data.
A P value of 0.05 or less was considered statistically significant. Multiple comparisons were corrected by the Bonferroni adjustment.
Results
The clinical characteristics of UD and T2D patients are shown in Table 1 . Clinical characteristics of T1D patients were previously described (16) . Body mass index was higher in T2D than in UD patients (32.5G3.5 vs 24.0G 2.2; PZ4.10
K12
). There were no differences in the frequency or in the type of diabetes in the familial histories of T2D and UD patients. On the other hand, patients with UD had more frequently a personal or familial history of autoimmune disease (59 vs 0%; PZ0.001). Age at diabetes onset and duration were similar. HbA1c was higher in UD patients (9.6G2.2 vs 8.6G1.6; PZ0.01). Basal and stimulated C-peptide values were not different between the two subgroups.
b-cell autoantibodies
Of the 50 UD patients, 14 (28%) had at least one positive b-cell aAb compared with no control subjects and no T2D patients (PZ0.007; Table 1 
T-cell reactivity
PBMC of 16 out of 50 (32%) UD patients elicited significant proliferation in the presence of at least one b-cell autoantigen (Fig. 1) . For comparison, 0 out of 23 T2D patients (PZ0.007) and 1 out of 23 (4%) HLAmatched control subjects (PZ0.009) had at least one PBMC reactivity. This HLA-matched control subject showed PBMC reactivity to GAD peptide. Note that she had a familial history of diabetes. Human insulin and human GAD65 were the more prevalent stimulatory antigens, with 7 out of 16 (44%) patients reacting to these antigens in each case (mean SI of 2.5G3.3 for insulin and 1.9G2.6 for GAD65). PBMC from 4 out of 16 (25%) UD patients reacted to insulin peptide B9-23 (mean SIZ1.8G1.3). PBMC from 4 out of 16 (25%) patients reacted to GAD peptides (mean SIZ1.7G1.2), and 2 out of 16 (12%) reacted to IA2 (mean SIZ1.5G 0.7). PBMC from four patients (25%) reacted to three antigens, PBMC from one patient (6%) reacted to two antigens, and PBMC from 11 patients (69%) reacted to one antigen. No PBMC reacted to all five or even four antigens. Out of 50 UD patients, 7 (14%) had PBMC reactivity against insulin compared with 14 out of 44 56 A Mayer and others
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Distribution of autoimmune markers in patients with UD
Among the 29 patients with b-cell autoimmunity, only one diabetic patient (3%) was positive for both b-cell autoantibody and T-cell reactivity (Fig. 2) . Fourteen (28%) had at least one b-cell autoantibody without any T-cell reactivity and 16 (32%) had at least one positive PBMC autoreactivity without any b-cell autoantibody, suggesting a lack of association or even an inverse relationship between cellular and humoral autoimmunities (PZ6.10 7 ). Because of this inverse relationship between cellular and humoral autoimmunities, we have compared the characteristics of UD patients according to the presence of b-cell autoantibody or T-cell reactivity (Table 2 ). UD patients with T-cell reactivity were older at diabetes onset (58.5G10.0 vs 48.1G10.1 years; PZ 0.004), had higher stimulated C-peptide levels (0.8G 0.5 nmol/l vs 0.4G0.3; PZ0.01), and required less frequent insulin therapy after a mean follow-up of 6 years (6 (49%) vs 11 (79%); PZ0.04), as compared with UD patients with humoral autoimmune markers. No difference in cytokine production was seen between UD patients with b-cell aAbs and patients with T-cell reactivity.
Cytokines IFN-g, IL-4, and IL-10 production by PBMC after PHA stimulation (ELISA) were enhanced in all UD patients as compared with the control subjects (IFN-g: 519.8G396.7 vs 184.1G203.1 U/ml, PZ0.02; IL-4: 228.6G174.5 vs 105.2G94.8 pg/ml, PZ0.006; IL-10: 1192.0G575.6 vs 563.6G552.1 pg/ml, PZ0.0002). No difference was found for IL-12 production. A MACS cytokine secretion assay using polyclonal stimulation by SEB confirmed these results. The percentage of secreting IFN-g T-cells, especially CD8C, was higher in UD patients than in controls (6.39G4.38 vs 3.15G2.14% of lymphocytes; PZ0.02). Likewise, the percentage of secreting IL-4 CD4CT-cells was higher in UD patients than in controls (2.25G1.49 vs 0.58G0.57% of lymphocytes; PZ0.003; Fig. 3) . No detectable cytokine production on antigen-specific stimulation could be obtained. 
Comparison of UD patients with or without b-cell autoimmune markers
Of the 50 UD patients, 29 (58%) had both b-cell aAbs and T-cell reactivity, while 21 (42%) had neither b-cell aAbs nor T-cell reactivity. Thus these latter could be considered as non-autoimmune T2D patients (Table 3) . We further compared the two subgroups, with or without b-cell autoimmune markers. Patients were similar in terms of age, sex, presence of dysmetabolic syndrome, familial history of type 1 or type 2 diabetes, age at diabetes onset, diabetes duration, basal C-peptide and C-peptide increment after glucagon stimulation, and requirement for insulin therapy after a mean follow-up of six years. However, HbA1c values were lower in UD patients with b-cell autoimmune markers (9.1G1.8% vs 10.3G2.5; PZ0.04). High-risk HLA-DQB1*0201 and/or HLA-DQB1*0302 genotypes were more common in patients with at least one b-cell aAb and/or at least one T-cell reactivity (23 (79%) vs 11 (52%); PZ0.04; Fig. 2 ). The frequency of the protective DQB1*0602 allele was similar in the two subgroups of UD patients (12 (41%) vs 9 (43%); NS). Similarly, familial or personal history of autoimmune disease was more frequent in UD patients with the presence of b-cell autoimmune markers (19 out of 29 (65%) vs 3 out of 21 (14%); PZ0.0003). Moreover, prevalence of non-bcell aAb was higher in the presence of b-cell autoimmunity (17 (59%) vs 3 (14%); PZ0.002). Finally, production of IL-4 was significantly lower in patients with b-cell autoimmune markers (130.3G98.5 vs 498.1G459.1 pg/ml; PZ0.04). There was no significant difference in production of other cytokines between UD patients with or without b-cell autoimmune markers.
Discussion
We have shown the presence of PBMC reactivity against at least one of the four autoantigens tested in 16 out of 50 (32%) UD patients, as opposed to 1 out of 23 (5%) No susceptibility marker n= 10 (20%) Figure 2 Frequency of autoantibodies (aAbC), peripheral blood mononuclear cell (PBMC) autoreactivity (SIO3), and susceptibility HLA genotype DQ2 and/or DQ8 associations among 50 unclassified diabetic (UD) patients.
age-and HLA-matched normal control subjects, and 0 out of 23 classic T2D patients. For comparison, we had previously shown that 14 out of 44 (32%) T1D patients had PBMC reactivity against insulin (7 out of 50 (14%) in UD) and 14 out of 21 (67%) had PBMC reactivity against GAD peptides (4 out of 50 (8%) in UD). Several studies have shown peripheral T-cell autoreactivity in type 1 diabetes (11) (12) (13) (14) (15) (16) (17) . Indeed, the First International Workshop on Autoreactive T-cells in Diabetes had demonstrated a need for methodological standardization (25) . In fact, several studies have failed to detect any T-cell proliferation against b-cell antigens because of a positive stimulation in control subjects (12, 26) . In our work, the lack of proliferative responses in healthy control subjects and type 2 diabetic patients demonstrated that in vitro immunization is unlikely to occur. The quality of recombinant preparations of the autoantigens used was identified as a significant weakness (25, 27) . We have avoided antigen preparations in E. coli, as recommended by Peakman et al. (25) (26) (27) (28) (29) . In contrast to these studies, we have developed a workable methodology in our previous studies (16, 17) , with similar results in the present work. Moreover, we have identified similarities in antigen specificities between cellular and humoral autoimmunities. Indeed, insulin and GAD were the two most prevalent autoantigens implicated in both T-cell reactivity and b-cell aAb. As mentioned by other authors for b-cell aAb, UD patients in our study were frequently positive just for a single autoantigen in both T-cell reactivity and b-cell aAb (30) . The identification of the accurate phenotype of diabetes can be particularly difficult in clinical practice. Therefore, we have chosen to study a large population of UD patients, selected on the lack of common criteria for T1D and T2D: lack of immediate insulin needs and lack of metabolic syndrome. The 14 out of 50 (28%) UD patients with at least one positive b-cell aAb can be considered as LADA patients, based on the classical definition of LADA. By comparison, 36 CT1D patients (82%), no control subjects, and no classical T2D patients had at least one positive b-cell aAb. Nevertheless, 80% of our UD population showed the presence of autoimmunity, including high-risk HLA genotype, and the presence of non-specific autoimmunity like personal or familial history of non-b-cell autoimmune disease. When considering only specific b-cell autoimmunity, 29 (58%) of the 50 UD patients had both b-cell aAbs and/or T-cell reactivity. Interestingly, UD patients with specific b-cell autoimmunity had high-risk HLA-DQB1*0201 and/or HLA-DQB1*0302 genotypes more often (23 (79%) vs 11 (52%); PZ0.04) and familial or personal history of autoimmune disease (19 out of 29 (65%) vs 3 out of 21 (14%); PZ0.0003), in comparison with UD patients without specific b-cell autoimmunity. Thus, our data suggest that the definition of LADA, currently based on the presence of b-cell aAb in patients with a T2D phenotype, should also include at least theoretically patients with b-cell PBMC autoreactivity. Furthermore, UD patients with specific b-cell autoimmunity, as the controls, had lower IL-4 secretion following PHA stimulation in comparison with UD patients without b-cell autoimmune markers. Thus, UD patients without specific b-cell autoimmunity, i.e. T2D patients, seem to have a Th2 protective profile (31) . Similarly, Tsiavou et al. (32) reported that CD4C and CD8C cells obtained from type 2 diabetic patients released significantly lower amounts of IFN-g as compared with those released by cells obtained from LADA patients and healthy controls.
In both UD and T1D patients, we have shown an inverse correlation between humoral and cellular b-cell autoimmunities. Interestingly, two other groups have previously described an inverse correlation between humoral and cellular b-cell autoimmunities in recentonset T1D and the first-degree relatives of T1D patients (11, 26) . The patients studied in these previous works share with ours an adult age onset of T1D. Therefore, we wondered whether patients with b-cell aAbs and those with PBMC autoreactivity present similar or different diabetes. In keeping with our previous results in recent-onset T1D, we have observed in UD patients with the presence of peripheral PBMC autoreactivity an older age at diabetes onset and greater residual b-cell function. Thus, peripheral PBMC autoreactivity could reflect some b-cell protective effect, an observation with important therapeutic implications. It should be noted however that whereas both Th1 and Th2 cytokine productions were enhanced in the whole group of UD patients, no difference was seen between subgroups. The phenotypic characterization of autoreactive proliferating PBMCs is therefore a future challenge.
In summary, our data confirm that T-cell autoimmunity can be detected in LADA patients. Furthermore, we have shown an inverse correlation between humoral and cellular b-cell autoimmunities. In addition, the patients with b-cell PBMC autoreactivity seem to have a protective cellular response. Thus, identification of cellular b-cell autoimmunity in UD patients may be useful in determining the risk for developing precocious insulin needs and in assessing the immunologic effects of interventions aimed at altering the LADA disease process.
